A co-digestion process was evaluated when mixing different ratios of agro-industrial residues, i.e. bovine slaughterhouse waste (SB); cow manure (M); various crop residues (VC); and municipal solid waste (MSW) by anaerobic batch digestion under thermophilic conditions (55 W C). A selected study case at mesophilic condition (37 W C) was also investigated. The performance of the co-digestion was evaluated by kinetics (k 0 ). The best kinetic results were obtained under thermophilic operation when a mixture of 22% w/w SB, 22% w/w M, 45% w/w VC and 11% w/w MSW was co-digested, which showed a proper combination of high values in r s CH 4 and k 0 (0.066 Nm 3 CH 4 /kgVS*d, 0.336 d À1 )
INTRODUCTION
The anaerobic processes offer great potential for organic waste treatment and are usually preferred for treating high strength organic wastes originated from a number of agroindustrial activities such as those from slaughterhouses (Álvarez & Lidén ) . Agriculture is a sector with diverse activities. Many necessities, like food and meat processing industry, dairies, poultry houses, and energy crops are covered by this sector, generating a lot of residues. To deal with these residues will provide both environmental solution and also autonomy in energy production. Biogas technology in Cuba focuses today on treating animal and sugar industry wastes. Nevertheless, there are no efforts taken so far for the utilization of these waste streams in co-digestion with residues from other agro-industrial activities. However, investigation and development of codigestion of slaughterhouse waste has recently been considered as an interesting alternative waste management option (Bayr et al. ) and the digestion in the proportion in which they are produced has been shown to be possible (Wang & Banks ) .
Most organic matter present in the slaughterhouse and agro-industrial residues is biodegradable. Long-chain fatty acid (LCFA) degradation has been shown to be the limiting step in the anaerobic degradation of solid slaughterhouse wastes (Broughton et al. ) because of the slow growth of LCFA-consuming bacteria (usually below 1 d À1 ) (Angelidaki & Ahring ) and the temperature plays an important role in the microbial growth rate. Highest temperatures in general have a positive effect on the metabolic activities of the microorganism but also on the free ammonia concentration. In contrast, mesophilic processes require less heating and are less affected by inhibitory effects of ammonia released during protein degradation (Angelidaki & Ahring ) . Hansen et al. () demonstrated that a decrease in the operating temperature from 60 to 37 W C in anaerobic digestion with a high ammonia concentration provides relief from inhibition caused by free ammonia, as indicated by an increase in methane yield. However, it has been shown that thermophilic flora is more tolerant for free ammonia than mesophilic flora. Gallert & Winter () reported that methane production from organic waste was inhibited by 50% in the presence of 0.22 g/L free ammonia at 37 W C and in the presence of 0.69 g/L free ammonia at 55 W C.
Studies performed by
Cavinato et al. () studied the co-digestion process of solid and liquid cattle manure with agro-wastes and energy crops, like maize, fruit-processing wastes and bread, at both 55 and 47 W C. The results showed that biogas production was increased from 0.45 to 0.62 m 3 /kgVS when operating at thermophilic conditions (55 W C), and the methane content was higher (52 and 61%, respectively). Moreover, a general improvement in digester performance was also found when using higher temperature, taking into account the stability of pH, alkalinity, ammonia and volatile fatty acids (VFA) content.
Possibilities to use agro-industrial residues at different temperatures would solve many environmental and economic problems. Developing countries, like Cuba, are aiming to dedicate their efforts to treating biodegradable wastes from their own activities. In this work an approach to the evaluation of different agro-industrial and bovine slaughterhouse waste mixtures for biogas production by co-digestion was investigated. The main objective was to evaluate the co-digestion process in different mixture ratios under thermophilic conditions (55 W C). Furthermore, a selected study case running under mesophilic conditions (37 W C) was evaluated to compare the effect of temperature on response variables, like methane yield, specific methane rate and specific kinetic rate constant.
MATERIAL AND METHODS

Raw material
The different substrates were obtained from places and industries outside Borås, Sweden, as the case of manure (M) (solid cow manure with straw), slaughterhouse waste (SB) (a well mixed bovine ruminal waste with blood), municipal solid waste (MSW) and various crop residues (VC) (straw, animal feed and wastes of fruits and vegetables). Different mixtures (M i ) of these fractions were prepared and stored at temperatures below 0 W C until usage. The proportions of individual fractions in the mixture compositions are shown in Table 1 . The Cuban residues, used for the preparation of M5, were obtained from the Genetic Company located at Pinar del Río, Cuba. Chemical characterization, methods and references are summarized in Table 2 .
Experimental procedure
The experiments were carried out in triplicate using 2 L glass bottles under thermophilic conditions (55 ± 1 W C) according to a method previously described by Hansen et al. () . The thermophilic inoculum (55 ± 1 W C) was obtained from a large scale co-digestion plant, Sobacken Borås, Sweden. The inoculum with 2.24% total solids (TS) and 1.39% volatile solids (VS) was used. Each bottle was fed with an appropriate amount of substrate corresponding to an inoculum/substrate ratio on volatile solid basis equal to 2. After the set-up all of the reactors were sealed with rubber septum and aluminium caps (Apodan Nordic, Copenhagen, Denmark) and then flushed with an inert gas containing 80% N 2 and 20% CO 2 to ensure anaerobic conditions. During the whole investigation period the reactors were placed into an incubator kept at 55 W C (±1 W C) and
were occasionally shaken. Gas samples were directly determined by a gas chromatograph (Auto System Perkin Elmer, USA) equipped with a packed column (Perkin Elmer, 6 0 × 1.8″OD, 80/100, Mesh, USA) and a thermal conductivity detector (Perkin Elmer, USA) with the injection temperature of 150 W C. The carrier gas was nitrogen operated with a flow rate of 20 mL/min at 60 W C. All the results of gas volumes are presented at normal conditions (0 W C, 1 atm). The anaerobic batch digestion tests for Cuban substrates were carried out in lab-scale 500 mL reactors according to the guidelines VDI  () under discontinuous operation at 37 W C ± 1 W C during 31 d. The effect of temperature was analyzed for a specific case, using the mixture of M4 at thermophilic conditions, which was comparable with the specific mixture of M5 used in Cuba at mesophilic conditions due to similarities with substrate generation under Cuban conditions at Slaughterhouse Enterprises. The inoculum was adapted to both substrates and mesophilic conditions. The same inoculum/substrate ratio mentioned above was kept in the experimental set-ups, even in these cases. The volume of produced methane was measured by liquid displacement method using 15%w/v NaOH solution to remove CO 2 . The measured methane volumes were then normalized according to VDI 4630 () and reported as the mean value for each triplicate.
Response variables
Methane yield (Y CH4 ), the specific methane rate (r s CH 4 ) and k 0 were used as response variables to evaluate the performance of the anaerobic digestion development ( (1):
where Y CH4 is the highest value of methane yield observed along the trials (Nm 3 CH 4 /kgVS), V CH4 is the highest accumulated volume of produced methane (Nm 3 ), and VS is the volatile solids content in the substrate added to the reactors (kg). The specific methane rate can be calculated according to the Chapman model (Equations (2) and (3)):
where: Kinetics was analyzed according to first-order exponential model:
where Y(t) is the cumulative yield (Nm 3 CH 4 /kgVS) after a time t (d), Y max is the potential fitting maximum yield (Nm 3 CH 4 /kgVS) at an infinite digestion time, k 0 is the observed specific rate constant of the overall process (per day), k 0 is an apparent kinetic constant which includes biomass concentration. Experimental data were fitted by a nonlinear regression model with a confidence interval (CI) of 95% in order to determine k 0 and Y max . The statistical software used was STATGRAPHICS Centurion XV.II.
RESULTS AND DISCUSSION
Substrate characterization
The data presented in Table 2 show that the different mixtures of SB:M:VC:MSW, respectively, have similar characteristics; i.e. TS content with a high VS content, counting up to around 92% of TS, while the total organic carbon contents range between 42 and 43% of TS. Due to cleaning labor differences between Cuba and Sweden it is possible to attribute TS content differences as well as a proper C/N ratio. In the same way nitrogen content could be influenced by excess of water but also due to animal food differences, meaning among others animal breed, age, weather conditions, etc. (Environment Agency ). As is shown in Table 2 , total Kjeldahl nitrogen (TKN) (% dry basic) for the Cuban mixture of residues (M5) is about 3.5 times less than that for the other mixtures (M1, M2, M3 and M4). This can be the consequence of the fact that in many developing countries animals receive less feed or the feed is of lower quality than the feed offered in developed countries. Moreover, the animals are slaughtered at a higher age and these all together have a large influence on the meat production, animal reproduction, meat quality, waste characteristics, etc. (Environment Agency ).
The effect of nitrogen on the anaerobic digestion performance is very well demonstrated as well as the influence of temperature on nitrogen equilibrium. Low values of C/N ratio entail nitrogen excess mainly as protein structured (organic nitrogen) (Lin et al. ). On the contrary, authors like Angelidaki & Ahring () found high tolerance levels of free ammonia for methane-producing bacteria with values as high as 4,000 mgN/L. According to chemical characterization presented in Table 2 , a proper improvement of the anaerobic process for M5 is expected even when it will be under mesophilic conditions, taking into account a C/N value twice as high as for the similar mixture treated under thermophilic conditions (mixture M4). As discussed in previous results published by Pagés-Díaz et al. () , C/N ratio is a controversial parameter taking into account the different 'optimal intervals' stated by a wide number of authors such as Kayhanian () and Schattauer & Weiland () . Other authors have found variations in carbon to nitrogen ratio with temperature (Yadvika et al. ) .
Response variables
The results presented in Table 3 and Figure 1 summarize the response variables for the mixtures of agro-industrial wastes under thermophilic conditions and for the specific case running at mesophilic conditions. In the case of Y CH4 it was possible to predict its maximum value according to both first-order and Chapman models. In all cases Chapman model adjusted accurately to maximum value of methane yield observed. According to these results, it is possible to evaluate the specific methane rate in each test by Equation (3). It was observed, under a kinetic point of view, that the combination of substrates in M2 has the highest values for nearly all response variables under thermophilic operation except methane yield (0.066 Nm 3 CH 4 /kgVS*d, 0.336 d À1 and 0.491 Nm 3 CH 4 /kgVS for r s CH 4 , k 0 and Y max , respectively). These are in good accordance with chemical Table 2 , largely regarding C/N ratio value. Kinetics, which describes the rate of degradation, played an important role in these results. As can be observed in Table 3 , M2 has the highest values for both k 0 and r s CH 4 in contrast with M1. On the other hand, M1 combination showed the highest value for Y CH4 but the kinetic parameter of k 0 was the lowest one. As can be observed in Figure 1 , r s CH 4 values were kept with considerable values along the digestion time until day 18 approximately. It may be the consequence of a step by step carbon/nitrogen bioavailability. In order to make clear the effect of kinetics it is necessary to calculate the time in which the difference in methane production between two consecutive points is less than 1%. This is well known as t Grenz and it can be estimated according to the following equation:
As is observed, from a kinetic point of view, it is confirmed that M2 had better kinetic performance. The t Grenz value shows that it was possible to obtain its almost maximum biomethane potential in 10.4 d even though its methane yield is lower than that for the rest of the analyzed mixtures. As kinetics play an important role in further industrial biogas plant design, it is possible to affirm that the analyzed substrates and mixtures of agroindustrial wastes from slaughterhouse activities are, in general, potential substrates to obtain high biogas production rate.
Temperature effect
Temperature is one of the most important parameters to take into account when evaluating the anaerobic process. Fluctuations in temperature affect directly the kinetics of the anaerobic process, enzymatic reactions as well as microbial growth and the production rate of acids during the process (Hwu & Lettinga ) . Thermophilic anaerobic co-digestion of agriculture wastes has gained increased attention due to its capacity for higher loading rate, greater volumetric biogas production, increased organic solid destruction, enhanced hydrolysis process and better pathogen control when treating slaughterhouse wastes. Thus, an increased process temperature will in general have a positive effect on the process, but it might also result in a higher concentration of free ammonia. Ammonia produced in protein degradation of slaughterhouse waste may cause problems in anaerobic digestion. The inhibitory concentration of ammonia varies depending on inoculum source, substrate, pH and temperature (Kayhanian ) . Methanogens, and among them especially acetoclastic bacteria, are the most likely affected by unionized ammonia (NH 3 ) since the ammonia molecule can go into the cell, causing proton and sodium/potassium imbalance (Kayhanian ) . The cell must then expend energy for proton balancing. Transmembrane proton gradients and also sodium ion gradients are used for methanogens for various energetic purposes (Deppenmeier et al. ) , so that ammonia inhibition must be controlled when slaughterhouse wastes are treated. However, the adaptation of methanogenic bacteria to higher ammonia levels has been previously demonstrated by Angelidaki & Ahring () .
Although thermophiles are more susceptible to LCFA toxicity compared to mesophiles they recover faster after LCFA inhibition due to their faster growth rate (Hwu & Lettinga ) .
In order to quantify the effect of temperature in the anaerobic co-digestion of mixtures from agro-industrial activities, a study case was selected, i.e. the Genetic Company from Pinar del Río, Cuba. At this Industrial Complex, mixtures of SB:M:VC:MSW corresponding to w/w ratio to 25% SB, 37.5% M, 37.5% VC, 0% MSW are generated. A summary of the obtained results for this specific mixture (M5) is shown in Table 3 .
The results can then be compared to the response variables obtained for a similar mixture (M4) treated at thermophilic conditions (Table 3) . It can be clearly seen that temperature plays an important role in the anaerobic process. Mesophilic conditions are not appropriate to treat agro-industrial wastes if compared with thermophilic conditions, even though the Cuban substrates had a better C/N ratio compared to a similar mixture from Sweden substrates. All response variable values changed considerably. The methane yield, Y max , and the kinetic constant, k 0 , were diminished by 57.14 and 46.6%, respectively, when operating at mesophilic conditions. The specific methane rate, r s CH 4 , was affected in 17.5%. These results corroborate the fact that anaerobic microorganisms are strongly depending on temperature (Jiménez et al. ) . Thermophilic conditions influence pathogens directly and offer major advantages in order to eliminate these undesirable microorganisms. Moreover, hydrolysis rate is also improved with temperature increasing (Veeken & Hamelers ) , strengthening the advantages of using thermophilic conditions in order to ease the degradation of complex substrates within the mixtures of agro-industrial wastes. Bayr et al. () studied the effect of temperature (mesophilic and thermophilic) on biogas production of rendering and slaughterhouse wastes (bovine, swine and poultry wastes) in semicontinuous co-digestion process. They found that mesophilic process was more stable than the thermophilic one in term of process performance; however, they had to work at lower organic loading rate (OLR) (0.5 gVS/m 3 *d) at lower temperature compared with that at higher temperature (1.5 gVS/m 3 *d). Due to the higher metabolic growth rate and the adaptation of thermophilic bacteria (Hwu & Lettinga ) , running a digestion process at higher temperature can be more favorable compared to lower temperature since higher loading rates or shorter retention times can be applied.
CONCLUSIONS
The present results show that co-digestion of waste mixtures from different agro-industrial activities is a good option for biogas production. It was possible to obtain high values of methane yield, specific methane rate and a proper kinetic performance when treating mixtures under thermophilic conditions. Temperature affects the anaerobic process severely. Mesophilic conditions resulted in lower values by up to 57% for all of the response variables used to describe the process. The highest values for methane yield and k 0 were obtained under thermophilic operation (0.644 Nm 3 CH 4 /kgVS (M1) and 0.336 d À1 (M2)). The Chapman model described appropriately the biodegradation of the agro-industrial residues. Large scale biogas plants are preferable to operate under thermophilic conditions although some experiences are under mesophilic conditions. It is recommended to study the influence of the individual components within the mixture for every response variable, as well as the mixture ratio in a longterm effect. Consecutive feedings are also recommended in order to step forward to a continuous process operation which would make it possible to evaluate possible inhibitions.
